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ROCK , FROZEN SOIL AND ICE BREAKAGE BY H IGH-FRE QUENCY
ELECTRO MAGNETIC RADIATION: A REVIEW

Pieter Hoekstra

INTRODUCTION

A series of papers on the use of high-frequency electromagnetic radiation for excavating rocks
and frozen ground have appeared in the Russ ian literature , In many of these publications numerous
important details about the experimental parameters , such as temperature, frequency, power and
anten na type , and the ground properties , such as compressive strength and mineral type, are missing.
In this report the physical princi ples of heating by high-frequency radiation are reviewed , together
with the Russian experience on this subject.

DIELECTRIC HEATING

The amount of heat generated in the ground by an alternating electromagnetic field , and t he
attenuation of radiation as a function of depth are determined by the die lectric behavior of rocks
and soils. The dielectric properties of earth materials vary considerably with the frequency, tem-
perature and compos ition of the materials.

Soils and rocks are a heterogeneous mixture of different components, such as water , air and
mineral matter . The theory of dielectrics attempts to relate the behavior of a heterogeneous
mixture to the permittivity of the constituents; the heterogeneous mixture is assigned a single die-
lectric constant to describe the interactions (e.g., attenuation and reflection) with electromagnetic
radiation. The experimental evidence has been that , for soils and rocks , this macroscopic approach
is justified well into the microwave frequency range. However , some evidence reviewed on rock
breakage by microwave heating suggests that preferential absorption of energy may occur in thin
liquid films; therefore , a proper description of the interaction of radiation and matter may need to
take into account the unique propert ies and distribution of the constituents of the mixture.

Two parameters are required to compute the interaction of radiation with matter , the relative
dielectric constant K ’, and the relative dielectric loss factor K ” . W hen a material is placed in an
alternating electromagnetic field , there is a current flow in.phase , and one in quadrature phase with
the applied voltage : the in-phase current flow is given by

/1 = Eu C 0 K ” (1)

and the quadrature-phase current flow by

= Ec.,.,e0K ’ (2)

C~ t)I?~ ?~~E ELAr~c.~NOT ?IL~€D

—.-- -
~~~

-
~~~~~~~~

. -,
~~
rn _

‘_

~~~~~~~~~~~~~
:-- -

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



where J~ 
and ig are the in-phase and quadrature-phase current flow , respectivel y, in amperes /sec

E is the electric field , in volts/ rn
c~ is the angular frequency of the radiation
K ’ is the relative dielectric constant
K” is the relative dielectric loss factor

= 8.85 xl 0 i  2 farad/rn, the perrnitt ivity of free space.

The loss tangent is defined by:

tans J~// ~ K ”/ K ’ . (3)

The in-phase current flow causes dissipation of energy in the form of heat .

The dielectric loss factor K” , in an imperfect dielectr ic such as earth mater ~ ls , is the sum of t~s
energy dissi pation processes , conduction and relaxation . Conductivity in earth mater ials is caused
by movement of ions, exchangeable ions and dissolved salts. The number of exchangeable ions is
roughly proportional to the surface area of rocks and soils , so that clays have higher conduc t iv ities
than silts and sands, and clay shales and schists have higher conductivities than sandstones and
coarse-gra ined intrusive rocks. Table I shows typical conductivity values for soil and rock t ’,pes.
Dissolved salts in interstitial water are another source of ions, so that the salinity of pore water is
also an important factor in determining conductivity.

Conductiv ity a is approximately frequency independent and the contribution of conductivity
to the dielectric loss at any frequency is given by:

K~ = o/ (e ~
a) (4)

where a is in mhos/m, and K~ indicates the part of dielectric loss caused by conductivity.

Relaxation is due to oscillations of the permanent dipole moments of the water molecule in an
alternating electric field. Relaxation is frequency dependent and the frequency range in which it
occurs is shown in Figure 1. For bulk water the maximum dielectric loss due to relaxation occurs
at a frequency of about 2x 1Q10 Hz depending on temperature , and for ice between io~ arid iO~
Hz. Thus, the total dielectric loss is the sum of loss due to conduction and water dipole re laxa t ion :

K ” =K ~+K;~, (5)

where subscripts c and rd indicate the parts due to conduction and relaxation , respectively.

Figure 2 shows the behavior of K’(w ), K” (w),  and tari ll for a typical soil with a conductivity of
5x 10 3 mhos/m and a water content of 15% by weight. Below 106 Hz , K” decreases with frequency
due to the term o/€~U , and between 108 Hz and 1 O~ Hz, K ” passes through a minimum , after w hich
the contribution of relaxation becomes important.

A number of parameters influence the dielectric propert ies of soils and rocks , but the major
parameters are soil and roc k type , water content and temperature. I igure 3 shows the approximate
limits of K ” for weak rocks (e.g., shales and schists) and soils , and strong rocks (e.g., granites and
basalts) at temperatures above freezing.6

In frozen ground the value of K” at high frequencies is critically dependent on temp eratur e and
the amount of unfrozen water , since liquid water is the only component involved in dipolar teI ,i~a-
lion at frequencies above 106 Hz. Fi gure 4 shows k ’ for typ ical fro icn soils as a function of
temperature at a frequency of 2 i0~ llz. 6
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Table I. Typical conductivity range s for soil and rock types.

I ‘n / to /e l ,  soil / ru/en soil ~~F_~ 
-

— — 
( rn / in s/ rn )  ~~~~~ !‘-

~ - . -

( la’, l 0 2  to 10° 10— 2 in S 1 O~~
Silt - I O . u tu 2\  l0 2 3 tü~~ to 2x  l0~~
Sand l0~~ to 5’: lO~~ ~c l0~~ 

-~~~~~~

- - 2~~ j~~-3 . l0~

Rock types Unfrozen rock Frozen rock

Clay shales 2x 10~~ to 10— I 
..

~ 
-

Schist Sx 10~ to 10 2 10 2 to 5x i0~
Gra nutes 5x1 0~

- . .~~~~

00 Ice -
- 1 0 8 C

-- ~~
_
~~~~~~~~~~~~~~~
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0 IO~ ‘ 1 I )  0’ O~ ~ IO~ 
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~~~ 0 =
F,eq , , en c y  , Hz

Figure 1. ihe dielectric relaxation spectra of water and ice. The max imum dielectric loss for
water at 25°C occurs at a frequency of about 2 x 1W° iii. (A fter Hoekstra and Delaney (
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i iqu,t 2. The relative dielectric constan t K ’, the relative dielectric
Ins ’, k ’ ant] the loss tangent f an ~ as a function of frequency w for
a s i l t s  ( lay soil cit a water content of 15% 
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Figure 3. The approxi~nate limits of relative dielectric loss K ” for two broad categories of
cart /i  mate,’ia/s. Materials that contain water in excess of 15% (soils , shales, schists) and
materi als of high density and lost ’ water content (e.g., granites and hasalts,1.

(A)  Suff te ld Clay

~~ 

c l a y

K ” 

~ 1 Manc hester ~ SS~~

0 -  —

- t O  -8 -6 - 4  - 2  0
emperat ure , °C

In conventional heating, energy is transfer red to the surface of the materi a l to he heated by con-
duction , c’’nsi’ct ion , III radiation , and into the interior mostl y by conduction . In contr ast , iii
die lectr ic heating, heat is generated directly inside the materi a l , making possible higher heat liuxes
‘ at can taust ’ rap id increases in temperature . Dielectric heating imp lies exposure in an elect ,  o-

magnet ic .Ilter nating f ield in the approximate frequency range of 10 to 1 o~ M h z , corr esponding to
wavelengths of 30 m 1” 0.3 cm .

The fo llowing relationships can he den ted for the power absorbed per unit volume in a dk’kxtn k

— 
rn.Iter al .14
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Figure 5. The density of energy absorption from a plane wave (watt/ rn 3) per unit of field strength
square for Iss ’o broad categories of earth materials as a function of frequency.

I’ ,, = 2irfe 0k ” (ca) E2 — 5 .56 x IO~~ k ”f: 2f watts /ni 3 (6)

where P~ is the power absorbed per unit volume , in watts/ni 3
I. is field strength , in volts/ rn
f is frequency, in Hertz

K” (w) is frequency dependent.

In  I - igure 5 the ratio P~/ 1 2  (power absorption per unit of field strength square) is plotted as a func-
tion of frequency for several earth materia ls. The amount of heat that can be absorbed by earth
materials from an electric field of unit strength rapidly increases at frequencies above 10~ H, . There
.sre , however , important tradeoffs in practice in going to higher frequency.

t,i facilitate an understanding of the physical limitations of dielectric heating in the UHF and
microwave frequency range , some of the physic.iI processes of radiation absorptio n ,irc discussed
below . Consider a section of ground partitioned inn horizontal laser s of equal thickness. -\ plane
wave propagates vertically downward; the field strength at the surface 10 is related to the field
strength at any depth z , 1(i) by :

~ C ~,: (7)

where a is the attenuation c o e f f i c ien t , re lated to the dielectric constant and loss tangent by:

a w( (3 ’< 1O Mj ~ O.~ K’(\ i~~~~r,~T _ I meters~ (8)

where ~~ is in radians/sec.
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1 /go re 6. 1/it’ skin depth as a function of frequency for t ic a broad categories
of tar / h  materials .

The depth over which the field strength decays by a factor of 0.37 ( I ‘e) is called the skb n depth

of the adiation. The skin depth d is equal to l a  meters. In F i gure 6 the sk in depth is plotted as

a function of f’requenc’ , for hard rock and soft rock. The skin depth of the radiation at 10” Iii is

thus approximately I m for hard rock and less than 10cm for soft rock .

The power absorbed in each element ,~ per secon d can he approximated h~

= (L~ L’~~1 ) 5, 56 l0 ’t K ”f watts / rn3 . (9 )

[he power absorpt ion in each layer causes a temperature rise of:

= (P~ - L~ ) / (B ,,i) (10)

where P,, is the power absorbed in the ~tth la~ er

1.,, is the rate of heat conduction into or out of t b ’  nt h as ci
1’ is the heat capaci t ’ , of the ground in the pith I.,’, ci at tem peratu re /

~~~ is the incremental temperature rise in the pith l.,ser -

The orders of magnitude of values for heat cond ucti s tv , heat ca p. i t i ts and coefficient of jt tenUd-

lion a are known , SO that the heating of ground b’, high-f requenc’ , radiation can he modeled ‘)n a
computer. Some crit ical concept s result ing f rom computer modeling ,irc s h u t ’ ,  n in I gures 7 an d S b

for hard roc k and sot t rock. In I igure 7 the n . , t i u u , , f  the power .,hsc> r bed at depth z, l ’jz ), and the

power absorbed at the surface , /‘(O), is plotted as .i func t ion of depth l O t , )  ih~ ground fo l  3 hard

rock (water content le~ than 5” )  and .i soft  rock (wate r content mc) le than 5- ’ .) .

The results show that ,it 108 Hi significant amounts of power are absor bed 10cm behind the

irradiated rock face , in both hard and soft rock , hut that at 10” Hi the power absorption rapidl~
fa lls off with distance . The hard rock in this esel cis t ’ st is ass igned a ss ,,lei contenl of 5I~,. and the

difference in power absorption between hard I “ek ,ind s o ft  ruL k is ~hout .in onder of magnitude ,it

6
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Figure 7. The ratio of power absorbed at dep th z, P(z), and the
radiated power at the surface, P(0), for two broad categories of
earth materials.

7C I

60 -

50 - - Figure 8. The temperature rise after rock face
irradiation by a field of 3 ky/ rn for 0.4 sec as a
function of distance behind the irradiated face.

40 - The so/id line represents the results for rocks
with 10% water; the dotted line represents the
results for rocks with less than 5% water.

~‘ 30- -

2 0 ’ ... I0’kiz -
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io8
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0 i 2 3 4
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I a distance of 5 cm behind the interface. In
rocks wit h water contents less than 5%, the
power absorption would fall off less rapidl y
with distance , and more radiation would pene.

\ 
trate. Figure 8 shows the temperature rise
caused by absorption of energy. The results
in Figure 8 show that in soft rocks most of
the temperature rise takes place in elements
within a few centimeters from the surface. In

- . 

~ these surface elements , thermal expansion
- .  \ .“oo - ,- probably occurs freely and probably does not
- i.— 

- ‘  induce fracturing in the interior of the rock.
- ‘ -

~)—< 
CC In hard roc k, after 0.4 see , very little tempera-

ture rise occurs. In hard roc ks , the power is
more evenly distributed within the first 20
cm from the surface , and the temperature rise

0 2 
-‘ 

4 
- 

6 5 S 2 due to absorption of high-frequency energy is
- C e .  i’ also more evenly distributed. In these compu-

Figure 9. The temperature rise after irradiating tations rock is assumed to be a uniform die-
frozen Suffield silty cloy with /0 ”  Hz and a low lectric , and no preferential absorption at
field strength of 100 v/ rn as a function of dis- particular locations is assumed hi take place .
tance behind the irradiated face. . . -rhe results in Figure 7 and 8 apply to die-

lectric heating of soft and hard rock- in the
unfrozen state , w here probably no major errors are introduced by assuming the physical properties
to he independent of temperature. For rocks in the frozen state , the process is more comp licated ,
since all physical properties (dielectric and therm al) become strong func tions of temperature (e.g.,
see Fi g. 4). As a result , in frozen ground, which contains unfrozen water , the surface elements heat
very quickly in an almost cascading process , since with each incremental temperature rise , the
amount of unfrozen water increases , causing more absorption of high-frequency energy. For examp le ,
in Figure 9, the relative power absorption in a Suffie ld silty clay at different times is plotted as a func-
tion of depth. To model this behavior , a ow field strength was used in the computation , since at
hi gh field strength the surface heats up very rapidly. Most energy is absorbed within the first few
centimeters from the surface. The penetration of energy can be somewhat improved by lowering the
frequency.

The results from modeling described can be summarized as follows:

1. The depth below the surface at which significant amounts of energy are absorbed is criticall y
depen lent on the water content of the rock . In hard rocks of high density and low water content ,
significant amounts of energy penetrate into the first 20 cm. In soft rocks (more than 5% water
content) , most energy absorption and temperature rise are confined to within 5 cm from the sur-
f ate .  Interior stresse s caused by differential thermal expansion can be expect ed in only hard
rocks .

2 , In frozen ground of unconsolidated sediments , the heating and melting of surfac e elements
cause virtually all cnergs t ,, be absorbed in the first Centimeter from the surface. In fro zen ground ,
therefore , fracturing caused by thermal stresses cannot be counted on as a mechanism to brea k r,it k

.S
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Generator  of

a. c,~~ Hugh Frequenc , Transmission Line Antenna
Rad ia t ion

Figure 10. Critical equipment components required for producing high-frequency radiation
at a cutting face.

EQUIPMENT USED AT HIGH FREQUENCY

A considerable amount of equipment is required to transform a-c power into radiation of UHF
and microwave energy , and to focus the radiation on a particular face. Figure 10 shows a schematic
of the critical equipment components . Each of these components places si gnificant restrictions on
the frequency and power that can be generated.

High power-generating equi pment for industrial purposes is available at 91 5 and 2450 MHz and
in the range of 27 to 40 MHz . Unfike radar applications where pulses are used , dielectric heating re-
quires continuous-wave output. Continuous-wave generators with an effective output of 500 kw in
high-frequency energy are about the state of the art . There is a significant (up to 50%) loss in energ y
in converting a-c energy to energy in high-frequency radiation , and high-power generators often re-
quire cooling systems to remove excess heat. The present cost of generating equipment is about $1
to $2 per watt of available microwave power .t

The high-frequency energy must be brought from the generator to the radiator at the working
face by transmiss ion lines , either coaxial cable or wavcguides. The maximum power that can be
carried by a transmission line is limited by the dimension and the dielectric strength (hreakdow ii
voltage ) of the medium of the transmission line carry ing the electromagnetic waves. For dry air lines
the breakdown voltage is 30,000 v/cm ; but in humid environments , suc h as mines , breakdown may
occur at voltages well below the value for dry air.

To transfe r 100 kw of power at frequencies above i0~ Liz requires high-quality coaxial cable of

large diameter (e.g., 0.75” OD , type 573) or waveguides. In either case high-quafity components arc
requ ire d to sea l all moisture out.

In dielectr ic heating in the food and paper industry, it is often possible to keep the radiation con-
fined to cavities or transmission lines and place the material to be heated in a cavity (microwave oven),
or transport it continuousl y through a cavity or waveguide (paper industry ). In both cases no transi-
tions between transmission lines and free space arc required.

On the other hand, for roc k breakage , high-frequency energy must always be transferred from
transm ission line to free space. The device that radiates energy from the transmission f ine lila free
space is called the antenna. The impedance of free space is 376 ohms , and the characteristic imped-
.unce of a transmission line is typically less than 100 ohms , so that if a transmission line is abruptly
term inated much of the power is reflected at the termination . The objective of the antenna is to

radiate as muc h of the energy as possible into free space. An antenna accomplishes this objective
by gradually match ing the impedance of a transmission line to that of free space , e.g., by tapering
a rectangular waveguide into a horn. Eff ic ient  radiation requires that the size of the .intenna should
increase with decreasing frequency (increasing wavelength). Foi  examp le , t he wave length at 108 Hz
is 3 m; therefore , an efficient antenna must have characteristic dimensions on the order of 0.75 ni

wavelength ). [his means that at an equant surface the power is radiated over an area on the order
- - of 0.5 m 2 .

()
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Radiated posser densi ties (radiated power per Ui i i t  auea ) usually dec reas e with decreasing fre-
quency , because at higher fr eq uenc y i t is ea s ier to focus  radiated e nerg 5 on a work s~ c i j u u t i  t i  obtain
large power densities. In a shaft or a tunnel , the si/c of ,llitenrrds must he f i t t e d  to the size of the
tunne l 1)1 area to be excavated.

I iiia) lv , i t  should be mentioned that , in m,iny instances , antennas are separated from thc b k

face by a certain distance and reflections of power tj ke place at the iii - ‘ ro ck j iOei a ce .

REVIEW OF 1’HE LITERATURE

The USSR literature contain s a series of manuscripts on the use of electromagn etic energy f ur
excavating earth materi als . Maii ’, of the manuscripts 1 i 0 I 2 I ar c’ based on computations , some of
them~ 

i i  4 describe the results u u f  tests under laboratory conditions , and one manusc ript 4 details
the results of tests in a working mine.

I irst , an attempt will be made t i  summarize the general curr c ) us itu ns that can be drawn from the
research to date:

1. [he amount of cracking and f racturing introduced in rock upon radiation by electromagnetic
energy is strong ly dependent (in roc k tvpc- ; n rock with compre ssive strengths in ex c e s s of 1000
kg, ’crii 2 the breakage upon radiation In, electromagnetic energy is niost pronounce d. In general ,
rocks  with a com pressi se stre ngth greater than 1 000 k g, cm 2 are ultrus ive rocks , as is i l lustrated in
Fable II , which shows the raurge of comprc’ss ise strength encountered in various rock ty pe s . Also ,
in other methods ol appf i rig hc’a t to in trod itce thernial cracking (f l.tme- j e t , I acer , elect ron beam),
thermal spal ling is most prorr ou rrcc - I in hard , uuifractured r u le  ks .2

2 . 1 he results of tests perfor med on fro ,en ground appear to impl y that in I ro ’en ground best
results are achieved b~ the combined f fec  of mechanic a l action and electrom agnetic radiation .
[he fracturing .trid breakage u uhs~ r ‘.c -d in strong, co r iso hic fat c ’d i L  ks h.is e not been observed iii fr uien

ground of unconsol idated sediments .

3. 1 . ihora tun ’. t e s t s  on .u spec imen u I  m u) t ic r ~ st .i I) ine ic e showed melting, due to absorption u I
electromagnetic energy, at the grain boundaries , followed hs disintegration of the ice spec men

into individual crys tals.

Table II. Classification of roc k materials based on unconfined

compressive strength (from f-Iawkes and MeIfor t 
). *

Runqu ’ u/ I ‘. ( - ‘u . (u / r i  - san,p le.s ) ~u,rc/ e , ,t st~ c ot/tb ot si / t i , ’ , ,  i f / n f l ; ,  u/u
Fern; ,- lbb,, -i ’u,it ,o,t iiu t in . kgt u;n ~ t u t u  I’ ,; roti ’r,al ,

Ver~ w eak * * VW — 1 ,000 .- 1)

Weak W 1 000-3 ,000 70—200
Medium strong MS 3,000-10,000 200-7(X) 

-‘ 
i
t

~~~~~~~~~~~~~~~~~~ A~~~Strong 5 10 ,000—2(1,00(1 700- I ,4 (X ) ~ ~.,

Very stro ng VS - 20,000 -‘ I 400 -~~

Samples of fresh rot k materi al tested to Australian St.ind .ircis . I ‘ ii n u , c  ks s f n u u ~’, ru g pl iu r i r  , t r l l s , ’ -
tro py, the long .i xis 1)1 the samples is normal f i r  the fabric planes .

I 
To h~ defined.

* Some overlap in strength wi th v ,-r ’, strong ,u h,-s ivu s u u I ) s  e .g., f i.tr cI des icc ,tted I i ’, s , h i t ’
d istinction can he made usu,t ll ’, hs s ui .i k irr g i nn ~ at c ’r . ~‘,h;,- i ;  so ils c,uui he r’,’mou)dt’,l.

1( 1
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Figure 11. Cracking and disin tegration of a stone block induced by micro wcwe energy frunsinitt eci
from a probe radiator (from Piischner ’ 4~ (copyr ight , centrex Publish/ag co., N. V Philips ’
Gloeiampenfabrieken, Eindhoven, The Netherlands; reprinted by permission. )

Breakage of competent roc k types

The type of breakage that is observed upon irradiating rock is shown in Fi gure 11 .14 In the I uic k
shown , probe radiators were inserted into holes 15 cm deep and 6.5 cm in diameter. Cracking
and disintegration of the rock due to absorption of microwave energy occurred after tss u mm-
utes . The time of appearance of cracks was found to be dependent on the polaritat ion il t he
radiation with respect to stratifications in the rock , The nature of ’ the rock sc is not g iver ; . T he fre-
quency of radiation was 2.45 x 10” F1z and magnetrons of 5 kw output were used .

If one speculates about the mechanism causing the cracking of the rock shown in I igurc’ 11 , a
plausible explanation is to assume that j oints and imperfections ex is te d in the n i c k, m d  t h,it j t lIlt -s e

locations electromagnetic radiation was absorbed by films of water , resulting in local heating. 1 lie
resulting differential thermal expans ion lead to buildup of internal stresses , c ,ius ir rg t he cracking
observed. ’ Apparently , these fahoratory tests were not perform ed on d if ferent  roc k t~ pes .

A comprehensive series of tests was performed with prototype equi pment in a USS R mit ie. 4

F rom the brief description in the manuscript based on these tests ,4 tb-c sketch shown in I igure I 2
was constructed. [he radiator consisted of an antenna , approximatel y 2 m by 2 rn, fed by a c ,u ,i~ i ,i I
transmission line f rom a 200-kw magnetron operating at a frequency of 0.5 to 2 GHz (the e’ ,idt

frequency was not gisen in the report). The antenna was placed 0.2 to 0.3 m iron; the working rock

l i c e  and the power was turned on. After one or two minutes , pieces of rock (7 by S h’, 1 en;) be-
gan to fall to the floor , where they were removed by a loader. The antenna cutti;;g head was
advanced in steps to keep it within 0.2 to 0.3 m from the work ing face. At tc ’r a nrr ,iximuni It .is c f  of
the cutting head (0.4 m) was achieved , the antenna was withdrawn and the mac hine ~s is  repos ition ed.

th ese tests were made in a hard roc k mine where the composition of the rock varied g reatf ~ -

resu lt of this variation in rock type , a series of tests was made by comparing the behavior of t h e
rr rach ir re in materials of different strengths . ‘T he results of these tests ar e shown in I igure 13 , in
which t he rates of advance of electromagnetic and mechanical cuttit ig heads are plotted is a function
if the . impressive strength the rock . At a compressive strength of approximate ly 100() kg/cm 2 ,

equal rates u I  advance with a mechanical cutt e r (unspecified) and a cutter using electr omagnetic
r,udi t t i  in 55 t n ,  i ,I;s, r ‘. i’d.

11
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b. lop view.

I iqure / 2  Sketch of electromagnetic cutting equipment used in a USSR
hard rock mine for cutting tunnels of 5-rn 2 c ross section.
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a. As a function of compressive strength of rock. b. As a function of cross section of
working face.

Figure 14. Energy consumption (per unit volume) for excavating material by mechanical cutting
and by high-frequency electrothermal irradiation as a function of compressive strength of rock
and cro~ sect ion of working face.

Figure l4a compares the power consumption for excavation of a tunnel (cross section 5 m 2 ) as
a fuu~ction of rock strength. Excavation by electromagnetic means becomes more efficient at higher
roc k strength , and at a compressive strength of approximatel y 1500 kg/cm 2 , the power requirement
of mechanical and electromagnetic cutters are comparable . Fi gure 14b shows that the energy con-
sumption for electromagnetic cutters decreases with the size of the cross section of the rock face ,
and that the energy consumption for mechanical cutters increases approximatel y linearly with the
size of the cross section section of the working face. The reason for the decrease in energy con-
sumption with the si ’e of the cross section for the electromagnetic cutters is not stated , hut it is
prohahl’, related to antenna efficiency and radiated power densities.

Several vertical shafts were also excavated in the hard rock mine by electromagnetic means.
Antennas 55c ’ t C raised to the working face in steps , and the critical components were protected from
the falling roc k h i s a screen. The rocks were continuously removed at the bottom of the shalt. When
‘~crt rca l  shafts were being cut , the light weight of the radiating antenna gave a decided advantage over
fl i t - c Ii,ir;r, ui c u t t e rs , which arc necessaril y heavy.

- \ppr us , nra tel ’, SO m of vertic al and horizontal workings with ci oss sec (ions I ronr 2 t u i 7 m 2 were
excav ated hs using electromagnetic radiation. 1 he conc lusions drawn frum these test s are sum-
marized in lab- It’ III.
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Table Ill. Comparison of electromagnet ic and mechanical methods of
excavation based on tests in a hard rock mine in the USSR.

Item Electromagnetic methods Mechanical methods

Rate of cutting Increases wit h increasing rock Decreases with increasing rock
strength strength

[nergy consumption Decreases with increasing Increases with increasing roc k
rock strength strength
Apparently decreases with Is linearly proport ional to
increasing cross section of cross section of roc k face
roc k fac e

Wei ght of cutter head Is light , 120 kg Is heavy

Bit wear Shows no bit wear Wear is severe in competent rock

Versatility Is workable only in rocks Can be used universall y
with compressive strength in
excess of 1000 kg/m 2

Damage to surrounding rock Natural strength of roc k is Natural strength may be dis-
apparently not disturbed turbed because of vibrations .

_____________ 

during excavation

Cutting of frozen ground

The strength of frozen ground is to a large extent due to cementation of soil and rock particles
by ice; thawing of frozen ground invariably reduces i ts strength. Frozen ground can he thawed by
several means, for examp le, by steam and electric heating; in both instances heat is transported into
the material mainly by conduction . The posvcr densities achieved in this type of ’ heating arc typicall~
from I x 106 to 3x 106 w/m 2 , and the energy consumption required in thermal excavation was
found to be several orders of magnitude larger than that required in mechanical drilling.’ Russian
workers have investigated dielectric heating in frozen ground to obtain high penetration rates and
to reduce energy requirements . Frozen ground can absorb energy internally from a high~frequ ency
electromagnetic field; the absorption rate of energy per unit volume is given by eq 6. Fi gure 4 shows
that K” depends on soil type and temperature , and varies from 0.01 to 4 for frozen ground at 2 ~ 10”
Hz at temperatures from —1 ° to —10 °C. Field strengths up to 3000 v/rn arc feasible , so that at a
frequency of 2x 109 Hz, power absorption rates may vary from iO~ to t0~’ w/m 3, which is perhaps
of the same order of magnitude as produced in steam and electric heating; the limitations are sct by
the radiated power densities obtainable with present equipment.

Dielectric heating has an advantage over steam and electric heating in that its energy can , in
principle, be focused on a small area by a spec ial radiator (antenna). The concept behind the
investigations in the USSR was that frozen ground could be weakened by irradiation and subsequently
removed by mec hanical action. For example , the radiator shown in Figure 15 was driven h~ mech-
anical action into the ground and forced air was used to remove the material between the electrodes
‘[ests with this device were made on frozen finc-grained materials to cut a s lot 20 cm wide . In con;-
paring energy consumption required for complete melting with the experimentally observed rate of

penetration , it w ,,s found that approximately 20 to 50’X of ground was removed (in a frozen s ta te)

I;’, forced air . The pressure of the forced air llow was not mentioned , nor did it appear that tests
were niade at d iliete nt radiated energy densities.

[he maximum rate achieved for cutting a 20-cm wide (depth unknoss nj slot in; frozen line-
gu nned ground was 0.3 cm sec , which appears to  he below rates possible hs nrech,tn it.uI mean s,

14
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Figure /5 .  Concept of a tool that combines mechanical energy and
electromagnetic radiation, suggested by USSR workers. 0

which are perhaps as high as 10 cm/sec . In all the tests on frozen ground , there was no evidence of
fracturing of ground into small blocks. Excavation of frozen ground seemed to be impossible with-
out the combined use of electromagnetic and mechanical energy , and no evidence was presented to
show that this combined use was more efficient in cutting than the use of niechanical energy only.

The reports 8 tO on cutti ng frozen ground give the impression that the results of laboratory tests
were disappointing, but that forced applications are tenuously being sought to justify continuance
of the project. For example , to obtain splitting and cracking of frozen ground one publication sug-
gested cooling the surface of a working rock face by liquid nitrogen, so that most electromagnetic
energy would be absorbed in the interior , causing local expansion and cracking.

Two reasons may be advanced to explain why electromagnetic heating does not cause t he desired
fracturing in frozen ground.

1 . Melting of ice causes a decrease in volume and probabl y results in stress relief , rather than the
buildup of stresse s required for breaking.

2. Absorption of energy occurs in films of unfrozen water , which are probably uniformly distrib-
uted throughout the material , Sm ) that no intense differences in thermal absorption take place.

In summary, there is at present no evidence in the USSR literature to suggest that the use of high-
frequency electromagnetic energy has resulted in economical , high-speed methods for exc avatir r g
frozen ground.

I’-.
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Figure 16. The loss tangent of snow and ice cores from Greenland
and Antarctica at several temperatures as a function of frequency
(after Waite ”).

Tests on ice

F reshwater ice does not strongly absorb radiation at microwave frequencies. The loss tangent
tanb of cores of ice from Greenland and the Antarctic are shown in Figure 16 as a function of fre-
quency at several temperature s. n Based on these data , microwave radiation is not expected to be
applicable to the breakage of ice. The absorption of radiation is given by eq 6, so that , in a field of
3 ky/ rn, at io~ Hz , and K ” 0.001, the absorption of energy is 5 x 102 w/ m

The rate of melting of a block of ice would initially be less than one part per million per second.
The absorption might be two orders of magnitude larger in freshwater ice containing impurities; the
energy consumption for melting would also be large.

When specimens (6 by 7 by 3 cm) of polycrystalh ine ice were placed in very strong electromagnetic
fields at frequencies of 13 to 2375 MHz , some interesting observations were made .° After 1.5-2. 0
sec of irradiat ion, liquid inclusions and cavities became visible in the ice specimen at the grain bound-
aries , and after about lOsec the ice specimen disintegrated into its single crystals. The authors
computed that at the time of disintegration approximately 3% of the ice had melted.

Apparently energy was preferentially absorbed by the films of unfrozen water at the grain bound -
aries; the existence of these unfrozen films is well documented in the literature. It is possible that
melting at the grain boundaries occurs only above a certain f ield strength; and , in the tests , perhaps
the field strength was sufficient to exceed breakdown at the grain boundaries .

DISCUSSION

Review of the USSR literature on rock breakage by high-f requency electromagnetic radiation
showed that one .ure.t of possibly significant application is excavating tunnels and shafts in rock’. of
high strength . ro n rocks of low strengths and in frozen; ground, the uSS R research did riot yield
promising results . 1 he mechanism that ma kes use of high-frequency radiation attractive in hard
rocks is fracturing caused by thermal expansion some distance behind the ,iir ,~ro ck interface , ibis
mechanism , therefore , requires 1) penetration of significant amounts of radiation some distance i nr t r ,
the rocks , and 2) concentr ation of energy absorption at grain boundaries and hairline fractures.
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Computations of the effects of radiation; ~s .i function of rock type showed that most energy is
absorbed at the surface in soft rocks , resulting in very rapid heating of the surface la ’ , ’e rs, but onl y
small temperature effects beyond the first few centimeters. Computer modefing showed that radia-
tion can penetrate hard rock to depths of 0.5 m, causing gradual temperature rise. The effects of
inhomogeneities where energy absorption can be concentrated were not modeled .

In frozen ground, radiation results in melting of the surface layers , arid as the Russian results
indicate , mechanical tools must remove the thawed surface layers before underlying layers can be
exposed.

In general , all investigations lack in formation on significant parameters , energy absorption as a
function of depth , water content , structure , etc. For hard rocks , where both Russian results and
computations show that si gnificant app lications may occur , it is necessary to conduct a controlled
series of laboratory experiments to establish clearl y the range of application of the use of high-
frequency energy in roc k breakage.
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